Epstein-Barr virus (EBV) is implicated in different central
Epstein-Barr virus (EBV) is one of the eight known human herpesviruses (45) . About 90% of the world's adult population is estimated to be infected with EBV. Primary infection with EBV normally occurs through salivary exchange in the oropharynx, and this is believed to result in virus replication in stratified squamous epithelial cells and in the subsequent infection of trafficking B lymphocytes. Following primary infection, either symptomatic or silent, the virus persists in the healthy host throughout the entire life span by mechanisms that are not fully understood. There is strong evidence implicating EBV in the pathogenesis of human tumors of B-cell origin (endemic Burkitt lymphoma) or of other origin, such as nasopharyngeal carcinoma (an epithelial malignancy), some cases of Hodgkin's disease, and some subsets of T-cell lymphoma (44) .
A variety of neurological syndromes can occur with primary EBV infection, clinically manifested as infectious mononucleosis (25, 50) . The central nervous system (CNS) syndromes include diffuse or focal encephalitis (12, 23) , aseptic meningitis, Guillain-Barré syndrome, Bell's palsy, acute cerebellar ataxia, transverse myelitis, and peripheral neuropathy (48) . Although such cases are rare, encephalitis represents a serious and potentially fatal complication of infectious mononucleosis. Furthermore the role of EBV in demyelinating disease or subacute or chronic meningoencephalitis such as Rasmussen's encephalitis has been suspected but has not been investigated in a systematic manner (5, 56, 57) . EBV DNA was detected by PCR in brain biopsy samples obtained from patients in whom EBV was suspected to play a role in neurological syndromes like encephalitis, CNS lymphoma (22, 26) , fatal disseminated lymphoproliferation, progressive multifocal leukoencephalopathy, multiple sclerosis, or encephalopathy. In situ assays will be required to demonstrate which and how many cells of the brain may harbor the virus (40) . It seems that EBV-carrying B lymphocytes in the brain are the most likely source of the positive PCR results, but those studies could not rule out the possibility of a direct infection of brain resident cells. EBV DNA was also found in almost all cases of AIDS-related primary lymphoma of the CNS (20) early in the course of the disease, even preceding the detection of lymphoma by radiological examination. Cinque and coworkers and D'Arminio Monforte and coworkers were able to directly detect EBV DNA in cerebrospinal fluid (CSF) by PCR (11, 13) . This might originate from a leakage of neoplastic cells containing EBV into CSF, from virions liberated through cell necrosis, or from an active lytic EBV infection (11) . The presence of EBV in CSF suggests that the virus can get in contact with neural cells. Thus, to study the interaction between EBV and astrocytes is interesting for several reasons.
First, astrocytes constitute the most numerous cell type in the brain. Over the last decades, it has become increasingly evident that these cells perform a variety of important cerebral functions (36) . Hence, any disruption of astrocyte function would have devastating consequences on brain function. Second, it was reported that astrocytes may be infected by HIV in vivo (3, 38) . The life cycle of the virus and the mode of infection are unique for this cell type, with a low production of viral particles and a high level of the transcription of the regulatory genes nef and tat (29, 54) . Even the interaction of envelope proteins of human immunodeficiency virus type 1 (HIV-1) with astrocytes seems to disturb their cellular functions (38) . HIV-1-restricted infection could interfere with the normal astrocyte functions and lead to a dysregulation of astrocytic interactions with other neural cell types. Despite the nonpermissive, restricted nature of HIV-1 infection, it was possible to show that astrocytes can produce HIV-1 and can contribute to its spreading under the influence of appropriate signals delivered by permissive cells (like activated mononuclear phagocytes and lymphocytes) (14) . Factors which modulate the viral load of HIV-1 could influence disease progression either positively or negatively. The coinfection of cells (or individuals) with other viruses, particularly herpesviruses, has the potential to effect such modulations (24) . Until now, there has been no report of a possible interaction between EBV and astrocytes or HIVinfected astrocytes found in the brains of AIDS patients suffering from EBV DNA-positive primary cerebral lymphoma. Third, the most important data which convinced us to study the interaction of astrocytes and EBV were contributed by Gasque and coworkers (21) . Astrocyte cell lines and human fetal astrocytes were described as the only brain cells expressing complement receptor type 2 (CR2) (21). CR2 is the major known cellular receptor for EBV (1, 39) . This is a 145-kDa glycoprotein, first described as the receptor for the C3d component of complement expressed on human B lymphocytes (19) . The binding sites for EBV and C3dg are contained within the two amino-terminal short consensus repeats (SCR) of 60 amino acids (SCR1 and SCR2) (8) . A truncated CR2 comprising these two SCRs, the transmembrane, and intracytoplasmic region is sufficient to mediate EBV binding and infection (8, 9) . Astrocyte-CR2 functionality was evaluated on astrocyte cell lines and human fetal astrocytes by the specific binding of C3d and gp340, recombinant protein of EBV surface protein gp350, which could be blocked specifically with polyclonal anti-CR2 antibodies (21) . These data suggest that at least astrocyte cell lines and human fetal astrocytes can interact with EBV. The possibility of astrocyte infection by EBV remains to be demonstrated and constitutes the purpose of our study.
We have studied the expression of different genes during the 2 months following the infection of two different astrocyte cell lines. We have decided to develop an astrocyte culture model based on a model already described by Li and coworkers to study the EBV infection of epithelial cells (30) . We have constructed two stably CR2-transfected astrocyte cell lines. The validity of this model is shown here, in that we obtained the same EBV transcript pattern for the CR2 transfectant and wild-type cell lines.
MATERIALS AND METHODS
Cell culture and viruses. The human cell line T98-G was obtained from the American Type Culture Collection (ATCC) (Manassas, Va.; CRL-1690) and presented characteristics of glioblastoma multiforme. A second cell line used in this study, CB193, was a glioma grade III, kindly provided by B. Delpech (Centre Henri Becquerel, Rouen, France). T98CR2 and CB193CR2 cell lines were obtained by the stable transfection of those two astrocyte cell lines with CR2 cDNA (34) . Cell lines were cultivated in Ham's F-12 medium (J. Bio, Paris, France) supplemented with L-glutamine (2 mM), penicillin (100 U/ml), streptomycin (100 g/ml), and 10% fetal calf serum (FCS) (Biologic Industries, Kibbutz Beth Haemek, Israel). All B-cell lines, Raji (ATCC; CCL-86), Ramos (ATCC; CRL-1596), and B95-8 (ATCC; CRL 1612), established from marmoset B cells by immortalization with EBV in throat washings from an individual suffering from infectious mononucleosis, were propagated in complete RPMI 1640 medium (Bio-Whittaker, Verviers, Belgium) supplemented as described above. The cell lines were routinely screened by the Hoechst 33258 DNA staining method to ensure that they were free of mycoplasma.
MAbs, flow cytometry analysis, and sorting. Monoclonal antibodies (MAbs) used for the screening and the analysis of epitopes expressed by transfected cells were HB5 (immunoglobulin G2a [IgG2a]) (ATCC; HB135) (52), purified from ascites fluid. The isotype control was VD3 (IgG2a) (42) .
For flow cytometry analysis, 10 6 cells were washed with fluorescence-activated cell sorting (FACS) buffer (phosphate-buffered saline [PBS]-0.5% bovine serum albumin-0.1% NaN 3 ) and incubated with MAb at a saturating concentration (2 g/ml in FACS buffer) for 30 min on ice and, after washing with cold FACS buffer, with fluorescein isothiocyanate (FITC)-conjugated anti-mouse F(abЈ) 2 fragments (Dakopatts, Glostrup, Denmark) diluted 1:50 in FACS buffer. After being washed, the cells were analyzed with a FACSCalibur apparatus (Becton Dickinson, Mountain View, Calif.).
Virus production. Infection was done with virus produced by the B95-8 cell line. After removal of B95-8 cells by centrifugation at 3,000 ϫ g for 15 min, supernatants of cell cultures were concentrated 500-fold by ultracentrifugation at 25,000 ϫ g for 1.5 h at 18°C. The virus pellet was resuspended in Ham's F-12-2% FCS and stored in aliquots at Ϫ70°C. For infection, concentrated virus was diluted 1:10 in Ham's F-12-2% FCS. To inactivate EBV, viral preparations were boiled for 45 min at 95°C. For cocultivation experiments, B95-8 cells were irradiated from a 137 Cs ␥-source with 30 Gy. EBV particle quantification and infection procedures. DNA from 0.5 ml of viral preparation was prepared by using the Qiagen Blood kit (Qiagen, Hilden, Germany) according to the instructions of the manufacturer. Finally the DNA was resuspended in 200 l of water, and 5 l was used for each PCR assay. The number of EBV particles was quantified with a competitive DNA PCR established by Jäger et al. (28) . As an internal standard, pGEM 3Z-30, a construct containing a sequence from the BRLF2 reading frame with a 30-bp deletion (kind gift of M. Jäger, University of Regensburg, Regensburg, Germany) was added to the amplification mixture in 10-fold dilutions from 6 ϫ 10 6 to 6 ϫ 10 2 molecules. For the infection of astrocyte cell lines in monolayer cultures, approximately 10 6 cells were washed two times with PBS and incubated with 1 ml of viral preparation or with 10 6 irradiated B95-8 cells at 37°C for 2 to 3 h. Cells were then washed several times with PBS and cultivated with 15 ml of complete Ham's F-12 medium.
To evaluate the role of CR2 in astrocyte infection, cells were preincubated with or without MAb FE8, which blocks infection of B lymphocytes with EBV (kindly given by W. Prodinger [43] ), at 20 g/ml for 60 min at 4°C. After three washes with PBS, cells were incubated with EBV as described before. At different time points after infection a part of the cells was harvested and assayed for the presence of EBV DNA and RNA.
DNA extraction and EBV DNA detection. Cells were harvested 48 h after the addition of EBV by trypsinization and pelleted. Cellular DNA extraction and EBV DNA detection by PCR were performed as described by Martin et al. (33) . This resulted eventually in the amplification of a 527-bp fragment (positions 14256 to 14783 of the EBV genome), a segment which is within the BamHI W repeat. PCR conditions were as follows: an initial denaturation at 94°C for 3 min, 30 cycles (94°C for 1 min, 55°C for 1 min, and 72°C for 1 min), and 72°C for 10 min. For GAPDH (glyceraldehyde-3-phosphate dehydrogenase), 5Ј-GTG AAG GTC GGA GTC AAC G-3Ј and 5Ј-GGT GAA GAC GCC AGT GGA CTC-3Ј were used. Conditions for PCRs were as follows: an initial denaturation at 94°C for 3 min, 30 cycles (94°C for 1 min, 52°C for 1 min, and 72°C for 1 min), and 72°C for 10 min. Fifteen microliters of each reaction mixture was analyzed by electrophoresis through a 2% agarose gel, stained with ethidium bromide, and blotted onto nylon membranes (Bio-Rad, Richmond, Calif.) for Southern blotting. Filters were hybridized with 32 P-labeled probes under stringent conditions. As a hybridization probe the PCR product from the positive control B95-8 cell line was labeled by a standard procedure. The hybridization signal was quantified with a phosphorimager (Fuji model BS 100).
Detection of EBV RNA. Cells were harvested 3, 6, 13, 22, 34, 43, and 62 days after the addition of EBV by trypsinization and pelleted. Total RNA was prepared from different cell lines by using the Qiagen RNeasy kit (Qiagen) according to the instructions of the manufacturer. RNA integrity was confirmed by electrophoresis. RNA preparations were treated with DNase I (Boehringer; 3 U/g of RNA abolishes all DNA traces), and control samples were prepared by treatment of an aliquot of the RNA preparation with DNase I and RNase A (40 g/ml for 5 g of RNA; Boehringer).
Prior to PCR steps, the reverse transcription (RT) was carried out at 37°C for 60 min in a 25-l final volume with 2 g of total RNA, 60 U of RNasin (Promega), 1 mM concentrations of deoxynucleoside triphosphates (dNTPs), 300 pmol of oligo(dT) (MWG Biotech, Ebersberg, Germany), and 400 U of Moloney murine leukemia virus-RT (Boehringer) in the reaction buffer (10 mM Tris-HCl, 15 mM KCl, 0.6 mM MgCl 2 and 5 mM dithiothreitol).
The transcription of EBV genes was assayed by RT and PCR analysis with a set of EBV-specific oligonucleotide primers (Table 1) . PCR (except for EBER1 amplification) was carried out with 4 l of reverse-transcribed RNA mixture (with 5 l of the first PCR product for the nested PCR), in a final volume of 50 l with 20 pmol of primers for the first PCR (50 pmol for the nested PCR) in a 1ϫ buffer (Promega), 200 M concentrations of dNTPs, 1.5 mM MgCl 2 , and 1 U of Taq DNA polymerase (Promega). For the EBER1 amplification, 0.5 g of mRNA were reverse transcribed directly by using 50 pmol of each primer with 60 U of RNasin (Promega), 1 mM concentrations of dNTPs, and 400 U of Moloney murine leukemia virus-RT (Boehringer) in the reaction buffer (10 mM Tris-HCl, 15 mM KCl, 0.6 mM MgCl 2 ). The RT was carried out at 37°C for 60 min and 5 min at 95°C to inactivate enzymes. Then 1 U of Taq DNA polymerase (Promega) was added to the mixture.
The PCR conditions used for all amplifications (except for EBER1 amplification) were as follows: 94°C for 3 min, 35 cycles (94°C for 30 s, 55°C for 45 s, and 72°C for 1 min), and 72°C for 10 min. The conditions used for EBER1 were as follows: 94°C for 3 min, 40 cycles (94°C for 30 s, 50°C for 1 min, and 72°C for 1 min), and 72°C for 10 min.
For each amplification B95-8 cDNA was used as a positive control, and the PCR mixture without DNA or with cDNA of uninfected astrocytes was used as a negative control. Ten microliters from the PCR mixture was separated by electrophoresis on a 2% agarose gel.
LMP1 detection by immunofluorescence assay.
For latent membrane protein 1 (LMP1) antigen detection, cells were directly fixed after trypsinization with 4% paraformaldehyde (in PBS) during 20 min at 37°C on a slide. After air drying, primary MAb anti-LMP1 CS1-4 (46) (Dakopatts; diluted 1:100 in PBS-1% FCS-0.2% saponin) was applied to the sections, and the slides were incubated at 37°C for 60 min. The slides were then subjected to two 5-min washes in PBS-1% FCS, followed by an additional 60-min incubation with FITC-conjugated goat anti-mouse IgG (Dakopatts) diluted 1:50 in PBS-1% FCS-0.2% saponin. Washed slides were mounted with glycerol and examined by using an Olympus fluorescence microscope.
EBNA2 and BZLF1 protein detection by FACS analysis. MAb PE2 was used for EBNA2 antigen detection (59) (Dakopatts), and MAb BZ1 was used for BZLF1 detection (60) (Dakopatts). To increase the specificity of labeling, MAbs were biotin labeled by a standard procedure. IgG1 was used as an isotype control. For flow cytometry analysis, 10 6 cells were fixed with cold acetone. To diminish the background level, rabbit IgG (serum diluted 1:10 in PBS-1% FCS-0.2% saponin) was incubated with cells on ice for 30 min. Cells were incubated with biotin-MAb (diluted 1:100 in PBS-1% FCS-0.2% saponin) for 30 min on ice and with phycoerythrin-conjugated streptavidin (diluted 1:1,000 in PBS-1% FCS-0.2% saponin) for 30 min on ice. After washing, the cells were analyzed with a FACSCalibur apparatus.
Lytic cycle induction. For EBV lytic cycle induction, CB193CR2 cells at day 60 postinfection (p.i.) were exposed to 5 ϫ 10 Ϫ8 M 12-tetradecanoyl-phorbol-13-acetate (TPA). After three further days, the cells were harvested, and mRNA was extracted for BZLF1-mRNA detection by RT-PCR as described above.
RESULTS
Detection of CR2 in astrocyte cell lines. CR2 mRNA could be detected after RT-PCR analysis in the two parental astrocyte cell lines, T98 and CB193 (data not shown), confirming a previous report by Gasque and coworkers (21) . However, CR2 antigen was not observed by flow cytometry analysis ( Fig. 1 and Table 2 ) with the anti-CR2 MAb HB5. The lack of detection of surface CR2 protein with this MAb had also been reported by Gasque et al. (21) . Nevertheless, they showed CR2 expression at low levels when a monospecific polyclonal anti-CR2 antibody and other MAbs like OKB7 were used.
Transfection of astrocytic cell lines with CR2 expression vector and expression of transfected CR2. The low level of CR2 on the two parental astrocyte cell lines (T98 and CB193) is probably the first barrier to studies of the influence of EBV interaction with astrocytes. To overcome this, these cell lines were transfected with the CR2 expression vector pSFFV-CR2. The transfection procedure is presented elsewhere (34) . Figure  1 presents the CR2 expression after sorting out. The cell population of CB193CR2 was homogeneous, while T98CR2 still exhibited much broader CR2 expression, even after several sorting cycles. As shown in Table 2 , however, the level of CR2 expression in CB193CR2 and T98CR2 was comparable to that in Raji cells. Transfected cells are morphologically identical to the untransfected parent cell line and display essentially the same growth features (data not shown). In addition, HB5 or FE8 MAbs immunoprecipitated the 145-kDa CR2 protein from 125 I-surface-labeled T98CR2, CB193CR2, and Raji cells and only on the CB193 untransfected cell line after a long exposure (data not shown). The cell membrane localization of CR2 on the transfected cell lines was confirmed by immunohistochemistry (data not shown).
Functionality of the CR2-transfected cell lines: detection of EBV DNA and BZLF1 mRNA in CR2-expressing and wild-type cell lines after EBV infection. We further determined whether the CR2 protein expressed on wild-type and transfectant cell lines was able to support infection of the cells with EBV. Cells were exposed to intact virus, cultivated for 48 h in a complete medium, and then analyzed for BZLF1 expression as well as for the presence of EBV DNA. For a more sensitive determination of cellular infection, a PCR assay was used to detect a 527-bp fragment of the BamHI W segment of the EBV genome. We succeeded in testing all four cell lines, wild types and transfectants: after Southern blotting, hybridization with 32 P-labeled probe, and semiquantification of EBV DNA with a phosphorimager the higher quantity of EBV DNA in the CR2 transfectant cell lines was revealed (Fig. 2) .
To confirm that the EBV DNA signal was due to intracellular EBV genome and not to virions attached to the surface of the target cells, we also examined at the same time point the mRNA expression of the early transcribed gene BZLF1. After total RNA extraction and DNase I treatment, an RT-PCR followed by a nested PCR and a control treatment with RNase A were performed as described in Materials and Methods. As indicated by the presence of the 442-bp product derived from spliced BZLF1 mRNA, gene expression was observed in all four cell lines tested at this time point (Fig. 3) . By this approach we could not observe differences in the quantities in the four infected cell lines. Cells incubated with boiled EBV remained uninfected (Fig. 3, lanes 6 to 10) . We then tested the capacity of these cell lines to support infection with EBV in the presence of blocking anti-CR2 MAb FE8, which was shown to block EBV infection of resting B cells by binding to SCR1 and SCR2 of CR2 (43) . Cells were preincubated in PBS-1% FCS with FE8 (final concentration, 20 g/ml) before EBV exposure. As shown in Fig. 3 (lanes 11 to 14) , BZLF1 mRNA could not be detected in any of the four cell lines.
Analysis of viral gene transcription in astrocyte cell lines. To establish the transcription profile, we infected 10 6 astrocytes with EBV. The multiplicity of infection was estimated by using the PCR quantification system developed by Jäger et al. (28) and is shown in Fig. 4 . Briefly, this assay was done by a quantitative DNA PCR for transcripts of the BLRF2 open reading frame encoding viral protein p23 with a competitor construct that contained the corresponding target sequence of BLRF2 with a deletion of 30 bp. Using this protocol we were able to quantitatively determine that around 10 6 virions were added to 10 6 astrocytes. Since during DNA extraction a part of the viral DNA was certainly lost, this probably represents an underestimation of EBV particles present, given also that the calculated number of EBV genomes probably does not correspond with the number of infectious virions. Taken together, our data demonstrated that a low multiplicity of infection (around 1) could be used efficiently for the infection of all cell lines in this study.
To study the kinetics of EBV gene expression, the cells were cultivated up to 62 days p.i. under the same conditions, and total cellular RNAs were extracted at several time points. Figure 5 and Table 3 present the time course of EBV gene expression in the four astrocyte cell lines. We could detect some EBV transcripts in T98 until day 22 p.i. for the wild type and day 43 for the CR2 transfectant cell line. So, it seems likely that the infection was transient in this cell line. On the contrary CB193WT (the wild type) and CB193CR2 cell lines still expressed EBV mRNA after 2 months p.i. and were still infected 3 months p.i. (data not shown).
Since we could not find any data about astrocyte infection, we have tested several genes implicated in different steps of the viral cycle in B cells. The specificity of the various oligonucleotide-primer combinations for individual EBV transcripts has been already documented and confirmed in a series of RT-PCR assays carried out with RNA from cell line B95-8. The same DNA preparation was amplified for the GAPDH gene by using specific primers. (C) Semiquantification of the EBV DNA PCR signal. After Southern blotting, the membrane was hybridized with a specific 32 P-labeled probe. The hybridization signal was analyzed with a phosphorimager and calculated as arbitrary units. The background lane shows the hybridization signal from the negative control. The signal obtained for the positive control was too strong, and the quantification was impossible. EBNA1, EBNA2, LMP1, LMP2A, and BZLF1 oligonucleotides specifically amplify cDNA obtained from spliced mRNA. With BALF2 and BcLF1 oligonucleotides it is not possible to distinguish between cDNA and genomic DNA. Therefore, the pretreatment of RNA preparations with DNase I was obligatory. For all the PCR amplifications presented here RNA preparations were pretreated with DNase I. The amplification specificity was assessed by DNase I and RNase A pretreatment.
As shown in Fig. 5 and Table 3 , we observed the transient expression of BZLF1 mRNA in all four cell lines at days 3 and 6 p.i., but the signal was lost at the later time points tested. The finding that BZLF1 mRNA is expressed suggested that a productive phase of the viral life cycle could occur within the infected astrocyte lines. To test this hypothesis, we examined mRNA expression of the early gene BALF2 and the late gene BcLF1. Interestingly, we observed BALF2 mRNA not only at the same time points as BZLF1 mRNA but even later when BZLF1 mRNA were not detected any longer. BALF2 mRNA expression was not detected at day 43 for T98CR2, although the cells were still infected as other EBV transcripts were present at this time. We then examined the mRNA expression of the major capsid protein gene BcLF1 as a late-expressed gene. The same expression profile as for BALF2 mRNA was obtained.
To investigate mRNA expression of some genes expressed in latently infected cells, we targeted the small noncoding EBER1 RNA for amplification, since this is an abundant EBV latent transcript common to all known forms of latency. The results obtained by hybridization with a 32 P-labeled probe are reported in Table 3 . EBER1 RNAs were expressed until day 22 p.i. for T98WT, until day 43 for T98CR2, and at all the time points tested for CB193WT and CR2-transfected cell lines.
EBNA1 mRNA is also a common product of all forms of latency. Two forms of EBNA1 mRNA with different splice structures have been described: BamHI Q/U/K splice structure, expressed in particular in Burkitt's lymphoma cell lines and nasopharyngeal carcinoma cells, and BamHI Y3/U/K splice structure, characteristic of lymphoblastoid cell lines (LCLs) (7) . The primers were chosen in the exons U and K to examine EBNA1 mRNA expression in astrocyte lines. As illustrated in Fig. 5 and Table 3 , EBNA1 mRNA expression was observed in CB193WT and CB193CR2 at all the time points. The expression pattern was different for T98WT and T98CR2. Indeed, EBNA1 mRNA expression was detected at the early time points but was lost at day 22 for T98WT and at day 34 for T98CR2, although the cells were still infected as evaluated by EBNA2 and LMP1 mRNA expression (Table 3) .
EBNA2 mRNA expression is restricted at the latency type III. Its functions are important in infected B cells. EBNA2   FIG. 3 . Expression of spliced BZLF1 mRNA 2 days after infection. Cells were infected with EBV prepared from B95-8 supernatant and harvested 2 days p.i. RNAs were extracted and submitted to PCR amplification with specific primers for BZLF1 mRNAs (their sequences are shown in Table 1 mRNA expression was monitored with primers situated in different exons (one primer covers an exon boundary). The 300-bp product was easily detected by nested PCR until day 22 for T98WT and until day 43 for T98CR2. The same expression profile for EBNA1 was observed for the CB193 cell line (Fig. 5 and Table 3 ).
For LMP1 mRNA expression, the signal observed was weak after the first amplification (data not shown), and so we decided to improve the sensitivity of detection by using a second round of amplification with a pair of nested primers located within the first and second exons, leading to a product of 104 bp for RNA amplification in contrast to 182 bp for EBV genomic DNA. After the second round of amplification, the expected 104-bp product could be easily detected on an agarose gel (Fig. 5) . LMP1 mRNA expression was observed at all time points for CB193WT and CB193CR2 and lost at day 34 for T98WT and day 62 for T98CR2 ( Table 3) . As LMP1 mRNAs are very abundant in LCLs (more than EBNA2 mRNA), immunofluorescence experiments were done to observe LMP1 protein. Indirect immunostaining was performed by using the CS1-4 MAb, and strongly fluorescent patches could be observed in the persistently infected cell line CB193 (Fig. 6 ) in some cells. EBNA2 protein was detected by FACS analysis with MAb PE2. Because the staining level was very low for B95-8 cell line, we decided to amplify specific staining by biotin labeling the MAb and then revealed it with phycoerythrin-conjugated streptavidin. Nonspecific staining was abolished by preincubating cells with rabbit IgG. Cell staining was evaluated by the measurement of mean fluorescence intensity (MFI) ( Table 4 ). The persistently infected cell line CB193CR2 shows an MFI three times higher than that of the uninfected CB193CR2 cell line.
Unlike the situation in LCLs, no amplification of the 280-bp product indicating LMP2A mRNA was detected for all the cell lines after nested PCR at each time point. We tried to enhance the sensitivity of detection with a Southern blot hybridization of PCR fragments, but no positive result was obtained.
Taken together these results show that the infection of the T98 cell line is abortive and that EBV seems to be lost subsequently to the loss of EBNA1 after approximately 1 month, while CB193 is persistently infected.
Furthermore, it was possible to reinduce BZLF1 mRNA expression in the CB193 cell line 70 days p.i. by the addition of TPA. Indeed, EBV lytic replication in LCLs can be induced by different means. Treatment with phorbol esters efficiently induces lytic replication (17, 18, 51) . As shown in Fig. 7 , EBVinfected CB193 cells responded well to TPA induction and spontaneously expressed BZLF1 mRNA at 3 and 6 days poststimulation. BZLF1 protein could be detected at day 3 poststimulation (Table 4 ). The staining level is very low, but the system biotin-conjugated MAb BZ1 allows specific labeling.
Another mode of viral infection of CB193 cell lines. The possibility that EBV infects astrocytes and persists in these cells convinced us to try to infect the cells directly by coculture with B95-8 cell line to mimic the in vivo situation. We exposed the four cell lines to ␥-irradiated B95-8 cells to address the possibility of infection of astrocytes by direct contact to EBV harboring peripheral/circulating B cells or by the virus liberated by B-cells. The same number of ␥-irradiated B95-8 cells were put for 2 h on astrocytes which were then extensively washed, trypsinized, and centrifuged to remove B cells and cell fragments. In parallel, ␥-irradiated B95-8 cells were cultivated in a normal medium to observe the viability of this population. After 15 days of culture it was not possible to observe living irradiated B95-8 cells. EBV infection of astrocytes was assessed by the detection of LMP1 protein by immunofluorescence assay 20 days p.i. As shown in Fig. 6 , it was possible to observe EBV infection in CB193 cells. For T98 cell lines, the LMP1 staining was too weak to assess the EBV infection of these cells. The clear size difference between astrocytes and B cells abolished the possibility that the staining obtained was due to B cells that were still alive.
DISCUSSION
EBV DNA was detected by PCR in brain biopsy samples and in the CSF obtained from patients in whom EBV was suspected to play a role in neurological syndromes. So, it could 
a ϩ, expression; Ϫ, no expression; ND, not determined. make contact with cells expressing its receptor. CR2 is the major cellular receptor known for EBV (1, 39) , although recently another one was described for gastric carcinoma cells (58) . Gasque et al. have examined the distribution of CR2 in different types of brain resident cells and found a low-level expression of CR2 in different astrocyte lines and human fetal astrocytes (21) . Even if CR2 expression remains at a low level, the physiologic role for astrocyte CR2 has not been defined yet. In accordance with the B-cell system, CR2 expressed on astrocytes could be involved in the EBV infection of this cell type. Here, we demonstrated that (i) two different astrocyte cell lines, T98 and CB193, could be infected by EBV, (ii) virus entry into the cells was mediated by CR2, (iii) EBV infects CR2-transfected T98 and CB193 cells at a higher level, and (iv) the T98 cell line is transiently infected and CB193 is persistently infected by EBV.
The program of EBV gene expression varies, depending on the lineage of host cells and the time after infection, and we wanted to characterize it in astrocytes. In epithelial cells, the lytic cycle is frequently induced, leading to the production of progeny virus. The infection of B lymphocytes with EBV establishes a predominantly latent infection.
Data on the lytic replication of EBV in B cells have been obtained predominantly after reactivation with chemical treatment or by superinfection of the cells (45) . Lytic DNA replication proceeds from the origin oriLyt and results in a 100-to 1,000-fold amplification of the EBV genome via concatemeric intermediates. The activation of the replicative cycle of EBV starts with the expression of the immediate-early transactivators Zta, Rta, and Mta encoded by the BZLF1, BRLF1, and BMLF1 genes, respectively. Transactivators cooperate in the activation of further early genes and finally in the expression of late viral proteins (32) . EBV encodes a large number of proteins involved in viral DNA synthesis. Fixman et al. demonstrated that six proteins are essential for viral replication, including BALF2, which encodes a single-stranded DNA binding protein (16) . The transcription of BcLF1, which encodes the major capsid protein of EBV, permitted evaluation of the possible production of virus. The transcription pattern obtained at the early time points (days 3 and 6 p.i.), and not later, suggests that the lytic cycle in astrocytes starts with replication of the viral genome, expression of late proteins (structural proteins of the virus), and probably also with virus production. The key role of the BZLF1 product, Zta, is maintenance of the balance between latent and lytic replication (41, 45) . The BZLF1 promoter region was reported to contain several binding motifs for positive and negative regulatory factors (18, 35, 49) . Thus, we suggest that transcriptional control of Zta in astrocytes occurs and furthermore, similarly to the reactivation of the BZLF1 gene in B cells, that transcriptional activation may be achieved by using phorbol esters (17, 18, 51) . The coexpression of proteins observed in the latency of EBV in B cells at these time points was referred to in the study of Alfieri et al., who have shown expression of EBNA2, EBNA1, and LMP1 in the early times after infection of B lymphocytes (2) .
The latent transcription pattern detected in astrocytes was similar to latency type III in LCLs (32) with the simultaneous expression of EBNA1, EBNA2, LMP1, and EBER1, except for the lack of LMP2A mRNA in our cell lines. Of note, the expression of all the latent genes observed in LCLs was not tested in this study, and this issue is currently under investigation. It is known that in LCLs different EBNAs are encoded by individual mRNAs generated by differential splicing of the same long primary transcripts expressed from either the BamHI C promoter (Cp) or the BamHI W promoter (Wp) (32) , while EBNA1 expressed in Burkitt lymphoma cells results from a promoter localized in the BamHI F/Q region of the viral genome (61) . The coexpression of EBNA1 and EBNA2 suggests that these transcripts are driven from Cp or Wp promoter in astrocytes.
In latently infected B cells, multiple copies of the viral genome are maintained predominantly as episomes that are replicated in synchrony with cellular DNA. Latent replication proceeds from ori P. EBNA1 is the only virus-encoded protein required for replication of the episomal EBV genome, whereas all other proteins are provided by the host cell (44) . We observed the loss of EBNA1 mRNA expression in T98 cell lines and subsequently the loss of the virus. The major function of EBNA1 protein is the maintenance of the EBV genome in an episomal state in latently infected cells (32) , and therefore we propose that ori P is active in these cells and that the loss of EBNA1 expression leads to the loss of all traces of virus in the cells. So, we can qualify the infection of T98 cells as a transient event. For CR2-transfected T98CR2, the disappearance of infection occurred later, suggesting a greater number of infected cells in the first phase of infection. In contrast, we could observe EBV mRNA expression 9 weeks p.i. in CB193 astrocyte lines, indicating that the viral genome is stable in these cells. The viral genome is transcribed, and so the infection is active and persistent. T98 and CB193 cell lines exhibit different levels of differentiation, and of these two cell lines CB193 shares more features with native astrocytes, such as cell surface markers like CR1, and morphological characteristics which render this cell line closer to the in vivo situation.
The EBNA2 protein expression level is low in the EBVinfected CB193CR2 cell line. We used for this experiment the supernatant from ascites fluid and not purified MAb; furthermore, the study of Brink et al. revealed that PE2 MAb is not very sensitive (6) . These two reasons could explain why the labeling level for the B95-8 cell line, as well as for CB193CR2 cells persistently infected by EBV, is so low. EBNA2 protein expression by EBV-infected astrocyte lines could dysregulate cellular metabolism as in B cells (32) . Furthermore, studies have shown that EBV, like other herpesviruses, can activate the HIV-1 long terminal repeat and in particular EBNA2 transactivates the HIV-1 long terminal repeat and enhances HIV-1 replication in T cells (62) . On the contrary, HIV-1 expression seems to be downregulated in partially purified B cells coinfected with EBV in vitro (27) . This difference in HIV-1 expression by the EBV-infected cells could depend on the permissiveness of the cells for EBV replication: EBNA2 may downregulate HIV-1 expression in B cells permissive for EBV replication and upregulate HIV-1 expression in T cells which are nonpermissive for EBV replication (62) . Until now, there has been no report about a possible interaction between EBV and HIV-infected astrocytes found in the brains of AIDS patients suffering from EBV DNA-positive primary cerebral lymphoma.
Interestingly the high-level expression of LMP1 protein in infected astrocyte lines was observed by immunofluorescence assay. Recent reports, focused on the essential role of this protein (10, 31) , have shown that LMP1 plays a central role in the transformation process of human B lymphocytes in vitro. It can mimic members of the family of tumor necrosis factor receptors and thereby transmit growth signals from the cell membrane to the nucleus through cytoplasmic tumor necrosis factor receptor-associated factors (TRAFs). LMP1-bound proteins activate NF-B and thereby cause cell proliferation. Liebowitz et al. showed the interaction between the EBVtransforming protein LMP1 and the TRAF-1 and TRAF-3 signal transduction molecules in some lymphomas, in addition to the activation of NF-B in these tumors (31) . The high-level expression of LMP1 by infected astrocytes could induce cellular changes that may be of interest for the interaction of EBV with normal astrocytes in vivo.
An uncommon feature of EBV gene expression in astrocytes is the constitutive expression of early genes (virus replicative) and late genes (BALF2 and BcLF1, respectively) in the absence of the transactivator Zta. Since Zta is essential for the lytic cycle in B cells and this gene is not present in any of our cell lines, we cannot explain this observation by the coexistence of one population latently infected with a transcription pattern close to the LCL pattern and another infected lytically (15, 41, 47, 55) . Recently, Nakamura et al. (37) demonstrated that EBV-infected MT2 clones express proteins associated with the latent viral cycle (including EBNA1 and LMP1) and that constitutive transcription from early replicative and late genes occurs. In their model the BZLF1 protein was observed in most of the EBV-infected MT2 clones and could activate transcription of those genes. In contrast the same experiment carried out on the human B-cell lines BJAB and Louckes did not result in the expression of early genes. We assume that persistently infected astrocytes, like MT2 clones, express at the same time some latent, early, and late genes. In this case the transcriptional control of early genes would be independent of Zta, whereas another transcription transactivator may be involved in this process. In accordance with the results from the study of Bogedain et al. we propose that in astrocytes, as in LCLs, where the influence of Zta expression is less efficient than in cells derived from Burkitt lymphomas, Rta could play an important transactivator role (4).
In conclusion the investigations presented provide evidence FIG. 7 . Expression of BZLF1 mRNA 3 and 6 days after stimulation of CB193CR2 cell line (infected with EBV 70 days before) with TPA (5 ϫ 10 Ϫ8 M final concentration). RNA was extracted and submitted to PCR amplification with specific primers for BZLF1 mRNAs (the sequences are shown in Table 1 ). PCR amplification products were detected by staining with ethidium bromide (inverted picture). RT-PCR results from EBV-infected CB193CR2 cells without stimulation (lane 1), after 3 days of stimulation (lane 2), or after 6 days of stimulation (lane 3) are shown. M, molecular weight marker (100-bp ladder).
that two astrocyte lines tested express functional CR2, the major EBV receptor. The virus binds specifically to these cells, infects them, and induces the expression of several EBV genes. The presence of some EBV proteins (LMP1, EBNA2, and BZLF1) in some infected cells demonstrates that the virus is expressed and suggests that astrocyte metabolism is modified after infection. The lytic cycle seems to take place in the early stages p.i., and later a switch to a latent pattern occurs with an uncommon transcription profile. The infection of T98 is transient, but the CB193 cell line is persistently infected. To facilitate further studies, we used two CR2 transfectant astrocyte lines. Although the presence of the transfected plasmid in CB193CR2 and T98CR2 could affect the transcription of the EBV genome, we have demonstrated that the transcriptional pattern in the transfectant cell lines was similar to that in parental cell lines. Thus, our studies validate the use of our transfectant model to obtain a more efficient infection of astrocytes with EBV. Moreover, we were able to infect these cell lines with cell-free virus and also directly via ␥-irradiated B95-8 cells. Thus, this study contributes to a better understanding of the interaction between EBV and astrocytes and thereby of the pathogenesis of EBV infection in vivo.
